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http:WHAT THIS PAPER ADDS?
Many patients do not report intermittent claudication before they develop critical lower limb ischaemia (CLI).
Therefore, novel tools for predicting CLI are required. Aortic pulse wave velocity (PWV) and alternative indices of
aortic stiffness were compared in 136 patients with CLI and 1,030 participants from a randomly selected
community sample, 194 of whom were age- and sex matched: all were of African ancestry. While central aortic
pulse pressure and augmentation index were increased in CLI, PWV was markedly reduced. The ratio of aortic
pulse pressure-to-PWV was the most speciﬁc parameter distinguishing patients with CLI.Objectives: To determine whether increases in central aortic pulse pressure (PPc), but decreases in carotide
femoral pulse wave velocity (PWV) predict the presence of advanced peripheral arterial disease (PAD).
Methods: Applanation tonometry and vascular ultrasound were employed to assess carotidefemoral PWV, PPc,
and carotid intima media thickness (IMT) in 136 patients of African ancestry with chronic critical lower limb
ischaemia (CLI) and in 1,030 randomly selected healthy adults of African ancestry, 194 of whom were age- and
sex matched (controls).
Results: With adjustments for confounders, compared with age- and sex-matched controls, participants with CLI
had an increased carotid IMT (p ¼ .0001) and PPc (p < .0001), but a markedly reduced PWV (m/second)
(CLI ¼ 5.7  3.7, controls ¼ 8.6  3.4, p < .0001). PWV was correlated with PPc in controls (r ¼ .52, p < .0001),
but not in CLI (r ¼ .06). A PPc/PWV mismatch index showed increased values in participants with CLI over the
full adult age range assessed. With carotid IMT, PPc, or aortic augmentation index in the same regression model,
an increase in the PPc/PWV mismatch index was independently associated with CLI (p < .0001) and a PPc/PWV
value upper 95% conﬁdence interval in the community sample predicted CLI (odds ratio ¼ 32 [6e169],
p < .0001). PPc/PWV predicted CLI with a similar level of performance and accuracy and a greater speciﬁcity
(98%) than that of IMT (82%).
Conclusion: In CLI, while PPc increases, carotidefemoral PWV is markedly reduced. A PPc/PWV mismatch may be
a new risk marker for advanced PAD.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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As 55% of patients with critical lower limb ischaemia (CLI)
may be asymptomatic 6 months before surgery,1 simple and
reproducible tools for predicting CLI are required. Arterio-
sclerosis, a major determinant of peripheral arterial disease
(PAD), is associated with increases in aortic stiffness andse authors contributed equally to this paper.
responding authors. Cardiovascular Pathophysiology and Genomics
ch Unit, School of Physiology, University of the Witwatersrand
l School, 7 York Road, Parktown, 2193 Johannesburg, South Africa.
il addresses: angela.woodiwiss@wits.ac.za (A.J. Woodiwiss); gavin.
@wits.ac.za (G.R. Norton).
-5884/$ e see front matter  2013 European Society for Vascular
. Published by Elsevier Ltd. All rights reserved.
//dx.doi.org/10.1016/j.ejvs.2013.06.005this may be indexed by a number of measures of large ar-
tery function. In this regard, increases in aortic stiffness are
associated with an enhanced carotidefemoral (aortic) pulse
wave velocity (PWV), a measure of the speed of aortic wave
travel. Increases in PWV occur as PWV is directly propor-
tional to the thickness of the aortic wall and inversely
related to the diameter of the aorta.2 In addition, an
increased aortic stiffness may result in an enhanced central
aortic pulse pressure (PPc). Aortic stiffness increases PPc
through an enhanced aortic forward pressure wave gener-
ated by a reduced ability of the stiffer proximal aorta to
accommodate a given stroke volume, and an increased
speed or amplitude of the reﬂective pressure wave travel-
ling back to meet the forward pressure wave. In this regard,
the effect of the reﬂective pressure wave on PPc is often
indexed by the aortic augmentation index (AIx), which is the
M. Brand et al. 339ratio of the augmented pressure wave to PPc. Increases in
aortic PWV, PPc, or AIx predict cardiovascular outcomes
independent of conventional cardiovascular risk factors.2e10
These measurements may therefore be of use in the pre-
diction of CLI. However, there is uncertainty as to the
changes in PWV in advanced PAD.
Some small studies suggest that in advanced PAD, a
reduced rather than increased PWV may occur,11e13 a
change that could be attributed to a decline in distending
pressures distal to arterial stenoses.14 Decreases in dis-
tending pressures would result in an attenuation of arterial
stiffness (a shift to a less steep portion of the exponential
vascular pressureevolume relationship) and thus PWV in
these distal segments, and hence cast doubt on the utility of
aortic PWV as a predictor of advanced PAD. However, if as a
consequence of the presence of stenoses, PWV is reduced
in advanced PAD, indices of proximal aortic stiffness such as
PPc and AIx may nevertheless remain increased. It is
therefore plausible that a reduced aortic PWV in the
context of increases in PPc (a PPcePWV mismatch) or AIx
may be a strong predictor of advanced atherosclerotic
changes. However, large studies demonstrate increases in
PWV in less advanced PAD.15,16 Therefore, whether aortic
PWV is attenuated in more advanced forms of PAD and
whether this is associated with increases in alternative
indices of aortic stiffness, such as PPc and AIx, is uncertain.
In the present study we therefore aimed to evaluate in a
relatively large study sample (a) if carotidefemoral PWV is
attenuated in CLI and the extent to which this occurs, (b)
whether a decreased PWV translates into a dissociation
between carotidefemoral PWV and either PPc or AIx, and if
so whether (c) a PPc/PWV mismatch index may be
employed to predict the presence of CLI independent of
alternative indices of large artery disease.
MATERIALS AND METHODS
Study groups
The studywas conducted according to the principles outlined
in the Helsinki declaration. The Committee for Research on
Human Subjects of the University of the Witwatersrand
approved the protocol (approval numbers: M11-08-29, M02-
04-72 renewed as M07-04-69 and M12-04-108). Participants
gave informed, written consent. Two hundred and seventeen
consecutive patients with CLI, 136 of whom were of black
African ancestry, were recruited from the Division of Vascular
Surgery at the Charlotte Maxeke Johannesburg Academic
Hospital and the Chris Hani Baragwanath Hospital, Johan-
nesburg. CLI was identiﬁed as ischaemic pain at rest for more
than 2 weeks, or the presence of ulcers or gangrene attrib-
utable to occlusive arterial disease.17 Data obtained in black
African patients with CLI were compared with data obtained
in 1,030 of 1,191 healthy participants from a community
sample of black African ancestry older than 16 years of age, of
whom 194 were identiﬁed as an age- and sex-matched con-
trol sample. The community sample was obtained from
randomly recruited nuclear families of black African descent
with at least two parents or two siblings and living in theSouth West Township (SOWETO) of Johannesburg, using the
population census ﬁgures of 2001.18e20 In this regard, the
Chris Hani Baragwanath Hospital serves the SOWETO com-
munity, and black African patients attending the Charlotte
Maxeke Johannesburg Academic Hospital are generally from
a similar socioeconomic class as those living in the SOWETO
community. In 161 participants of the community sample,
aortic PWV could not be measured because of marked
obesity. Otherwise all other participants had measures of
large artery function, including aortic PWV, PPc, and AIx.
Carotid IMT was measured as an index of large artery struc-
tural changes in a substudy of 429 participants from the
community sample without cardiovascular disease, 88 of
whom were identiﬁed as being age and sex matched to pa-
tients with CLI. Carotid IMTwas assessed to demonstrate the
extent to which large artery structural changes characterise
CLI in the population under study (black Africans).
Demographic and clinical data
A questionnaire was administered to obtain demographic
information and each participant’s medical history, the use
of medication, and tobacco and alcohol use.18e20 Obesity
was deﬁned as a body mass index (BMI) 30 kg/m2. Blood
tests were performed including a fasting lipid proﬁle and
glycated haemoglobin (HbA1c). Patients with a fasting
plasma glucose concentration 7 mmol/L, or in whom
glucose-lowering agents were prescribed, were considered
to have diabetes mellitus (DM). Brachial blood pressure (BP)
was measured according to guidelines and taken as the
mean of ﬁve measurements. Participants with a BP 140/
90 mmHg or those receiving antihypertensive medication
were considered to have hypertension.
Pulse wave analysis
After participants had rested for 15 minutes in the supine
position, arterial waveforms at the radial (dominant arm),
carotid, and femoral artery pulses were recorded by
applanation tonometry.21 Applanation tonometry was per-
formed by placing a micromanometer-tipped probe against
the skin surface over the artery of interest and obtaining
pressure waveforms transmitted through the skin surface.
Pressure waveforms were recorded during an 8-second
period using a high-ﬁdelity SPC-301 micromanometer
(Millar Instrument, Inc., Houston, TX, USA) interfaced with a
computer employing SphygmoCor, version 9.0 software
(AtCor Medical Pty. Ltd., West Ryde, New South Wales,
Australia).20 To determine aortic BP, the pulse wave ob-
tained from radial tonometer recordings was calibrated by
manual measurement (auscultation) of brachial BP taken
immediately before the recordings. The radial pressure
waveform was converted into a central (aortic) waveform
using a validated generalised transfer function (GTF) incor-
porated in SphygmoCor software.20,21 Central aortic systolic
and diastolic BP were derived from the aortic waveform and
PPc was calculated from the difference. PPc was also
determined from the difference between the second peak
of the radial pulse wave (P2) and brachial diastolic BP.20 The
340 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 3 September/2013assessment of P2-derived PPc does not depend on the use
of a GTF which may not have been validated in patients
with advanced PAD. To evaluate whether the GTF provides
accurate estimates of PPc in advanced PAD, differences
between GTF- and P2-derived PPc were determined from
BlandeAltman analysis. In age- and sex-matched healthy
participants, and in patients with CLI, P2-derived and GTF-
derived absolute PPc values had a mean (2  SD) differ-
ence of 0.009 (3.79) mmHg and 0.06 (0.91) mmHg
respectively. Aortic augmentation index was calculated as
the difference between the second and the ﬁrst systolic
peak of the aortic waveform given as a percentage of the
aortic pulse pressure.20,21 In adults the second peak of the
aortic waveform generally represents peak systolic pres-
sure, while the ﬁrst systolic peak is noted as a shoulder on
the upstroke of the systolic pressure waveform. The time
delay in the pulse waves between the carotid and femoral
sites was determined using an electrocardiograph-derived R
wave as a ﬁducial point. The distance from the suprasternal
notch to the carotid sampling site (A) and from the supra-
sternal notch to the femoral artery (B) was measured. Pulse
wave velocity distance was calculated as B minus A. Pulse
transit time was taken as the average of 10 consecutive
beats. Aortic PWV was calculated as the ratio of the dis-
tance to the transit time (m/seconds).Carotid intima media thickness
Carotid intima media thickness (IMT) was determined using
high-resolution B-mode ultrasound (SonoCalc IMT, Sonosite
Inc, Bothell, WA, USA) employing a linear array 7.5-MHz
probe.20 Images of at least 1 cm length of the far wall of
the distal portion of the right common carotid artery from an
optimal angle of incidence (deﬁned as the longitudinal angle
of approachwhere both branches of the internal and external
carotid artery are visualised simultaneously) at least 1 cm
proximal to the ﬂow divider were obtained. Carotid IMT
measurements were determined using semi-automatedTable 1. Characteristics of community-based participants, age- and sex
(CLI).
Community sample
Sample size 1030
% Males 36
Age (years) 43  18
Height (m) 161  9
Body mass index (kg/m2) 28.5  7.3
Obese (%) 39
Hypertensive (%) 42
Receiving antihypertensives (%) 23
With diabetes mellitus (%) 8
Current smoker (%) 16
Previous smoker (%) 24
Regular alcohol (%) 22
Blood pressure (SBP/DBP) (mmHg) 129  22/84  12
Pulse rate (beats/min) 65  12
Glycated haemoglobin (%) 6.07  1.31
Total/HDL cholesterol 3.49  1.24
Note. Data are mean  SD or percentages. SBP, systolic blood pressur
a p < .0005 versus age- and sex-matched controls. All data in CLI areborder detection and quality control software. A carotid
IMT 0.8 mm was considered to be pathological.22Data analysis
Database management and statistical analysis was per-
formed using SAS software version 9.2 (SAS Institute Inc.,
Cary, NC, USA). Multivariate regression analysis (linear
when assessing continuous variables and logistic when
assessing categorical variables) was performed with ad-
justments for age (when comparing mean values), sex, pulse
rate, body height, mean arterial pressure, body weight,
presence of hypertension, diabetes mellitus, and smoking.
As PWV was positively skewed (skewness ¼ 1.98,
kurtosis ¼ 7.30; ShapiroeWilk’s statistic ¼ .86, p < .0001)
PWV was also log transformed. Log transformation of PWV
resulted in an improved distribution (skewness ¼ 0.01,
kurtosis ¼ 1.13; ShapiroeWilk’s statistic ¼ .99). Probability
values were further adjusted for non-independence of
family members using the method of maximum likelihood
as implemented by the mixed procedure as deﬁned in the
SAS package. Correlations were compared using Z statistics.
To avoid the impact of residual confounding effects, com-
parisons were made with age- and sex-matched controls in
the primary analysis. However, to limit the possibility of a
selection bias, comparisons were also made with the whole
community-based sample in secondary data analysis. To
identify thresholds for PPc/PWV, PPc, and AIx the upper
95% conﬁdence interval was determined in otherwise
healthy participants from the community sample without
hypertension, diabetes mellitus or an HbA1c >6.1%, or
obesity.RESULTS
Participant characteristics
Table 1 shows the demographic and clinical characteris-
tics of the study samples. Compared with the whole-matched controls and patients with critical lower limb ischaemia
Age- and sex-matched controls CLI
194 136
64 70
61  11 61  13
163  8 168  10
25.2  3.1 25.6  4.9
3 15a
64 61
37 63a
15 43a
24 49a
25 63a
30 55a
142  24/88  12 137  22/81  13a
63  11 85  17a
6.35  1.71 7.73  2.65a
3.72  1.28 3.88  1.83
e; DBP, diastolic blood pressure.
different from community-based sample (p < .05).
Figure 1. Unadjusted (upper panels) and multivariate adjusted (lower panels) age-related increases in carotidefemoral pulse wave velocity
(PWV) (left panels) or central aortic pulse pressure (PPc) (right panels) in age- and sex-matched controls from a randomly selected
community sample (n ¼ 194) and in participants with chronic critical lower limb ischaemia (CLI) (n ¼ 136). Data are shown as
mean  SEM. *p < .05, **p < .005, ***p < .0001 for CLI versus community sample. Adjustments are as given in Table 2.
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average older and a greater proportion were male.
Compared with the age- and sex-matched controls, a
greater proportion of participants with CLI were obese,
received antihypertensive agents, had DM, currently and
previously smoked, consumed regular alcohol, and had a
higher pulse rate and HbA1c. Blood pressures were on
average lower in patients with CLI than age- and
sex-matched controls. The characteristics of community
participants in whom carotid IMT was measured
were similar to the characteristics in those in whom this
measurement was not performed (see supplemental
Table S1).
Comparisons of PWV
Aortic PWV was markedly lower in participants with CLI
than in the controls from an age when PWV began to
increase in the community sample (50e60 years) (Fig. 1
and supplemental Fig. S1, left panels). Multivariate
adjusted aortic PWV was markedly lower in participantswith CLI and these differences were noted in both women
and men (Table 2). In addition, with the same
adjustments, log PWV (m/sec) was markedly lower in
patients with CLI (0.63  0.18) than in matched controls
(0.90  0.21, p < .0001) or the community
sample (0.79  0.14, p < .0001) and these differences
were noted in both women (CLI ¼ 0.57  0.15,
matched controls ¼ 0.89  0.19, p < .0001, community
sample ¼ 0.78  0.13, p < .0001) and in
men (CLI ¼ 0.66  0.20, matched
controls ¼ 0.91  0.22, p < .0001, community sample
¼ 0.81  0.20, p < .0001).
Comparisons of PPc, AIx, and IMT
In contrast to the lower PWV values noted in participants
with CLI (Fig. 1 and supplemental Fig. S1, left panels, and
Table 2), CLI was associated with increased multivariate-
adjusted PPc values over the age range 40e70 years
(Fig. 1 and supplemental Fig. S1, right panels). Moreover,
multivariate adjusted PPc, AIx, and carotid IMT were higher
342 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 3 September/2013in participants with CLI and these differences were noted in
men and women for PPc and IMT and in men for AIx
(Table 2).
Relationships between PWV and AIx, PPc, or carotid IMT
In the age- and sex-matched controls (r ¼ .52, p < .0001)
and in the community-based sample (r ¼ .53, p < .0001),
but not in participants with CLI (r ¼ .06, p ¼ 0.52),
bivariate correlations were noted between PWV and PPc
(Supplemental Table S2). In the age- and sex-matched
controls and in the community-based sample, but not in
participants with CLI, bivariate correlations were also
noted between PWV and carotid IMT (Supplemental
Table S2). However, AIx was as well correlated with PPc in
patients with CLI as it was in the age- and sex-matched
controls or in the community sample (Supplemental
Table S2).
Associations of a PPc/PWV mismatch index with CLI
An indexquantifying the extent of themismatch between PPc
and PWV was generated as PPc/PWV. This index was mark-
edly increased in patients with CLI compared with the age-
and sex-matched controls (Fig. 2) or the community sample
(Supplemental Fig. S2) across all age-groups in unadjusted or
multivariate-adjusted models and when assessed in women
or men separately (Fig. 2). With PPc/PWV together with
either PPc, AIx, or IMT included in the same multivariate
regression models, an increased PPc/PWV emerged as being
independently associated with CLI irrespective of whether
comparisons were made with age- and sex-matched controls
(Table 3) or the community sample (Supplemental Table S3).Table 2. Comparison of multivariate adjusted measures of large artery
lower limb ischaemia (CLI) and healthy participants from a community
Large artery structure and function Controls
Age- and sex-matched controls vs CLI
Carotidefemoral pulse wave velocity (m/s) 8.62  3.41 (n
Aortic augmentation index (%) 29.3  10.6 (n
Aortic pulse pressure (mmHg) 39.8  14.4 (n
Carotid intimaemedia thickness (mm) 0.69  0.18 (n
Women from age- and sex-matched controls vs women with CLI
Carotidefemoral pulse wave velocity (m/s) 8.19  2.79 (n
Aortic augmentation index (%) 33.4  8.2 (n
Aortic pulse pressure (mmHg) 41.9  12.3 (n
Carotid intimaemedia thickness (mm) 0.68  0.13 (n
Men from age- and sex-matched controls vs men with CLI
Carotidefemoral pulse wave velocity (m/s) 8.77  3.76 (n
Aortic augmentation index (%) 27.3  11.5 (n
Aortic pulse pressure (mmHg) 37.7  14.0 (n
Carotid intimaemedia thickness (mm) 0.69  0.20 (n
Community sample vs CLI
Carotidefemoral pulse wave velocity (m/s) 6.66  2.15 (n
Aortic augmentation index (%) 26.5  9.3 (n
Aortic pulse pressure (mmHg) 35.2  11.3 (n
Carotid intimaemedia thickness (mm) 0.65  0.14 (n
Note. Data are mean  SD. Adjustments are for age, sex (in all participa
presence of hypertension, diabetes mellitus, and smoking.
a Probability values were further adjusted for non-independence of faThe multivariate-adjusted risk of having CLI was markedly
increased in participants with a PPc/PWV mismatch index
9.66 (95% CI of 393 healthy participants of the commu-
nity sample) compared with either the age- and sex-
matched controls (odds ratio ¼ 31.5, CI 6.4e168.9,
p < .0001) or the community sample (odds ratio ¼ 35.2, CI
12.2e101.2, p < .0001) (Supplemental Table S4).
Compared with all participants in the community sample,
the increased risk of CLI of an increased PPc/PWV was
greater than that for participants with an IMT 0.8 mm, a
PPc 40 mmHg (95% CI of 393 healthy participants of the
community sample), or an AIx 41% (95% CI of 393 healthy
participants of the community sample) (Supplemental
Table S4).
Sensitivity, speciﬁcity, performance, accuracy, and positive
and negative predictive power of indices of aortic struc-
ture and function for the detection of CLI. Compared with
either the age- and sex-matched controls, PPc/PWV
showed a similar performance (area under the receiver
operating curve) for CLI detection compared with IMT or
AIx, while PPc alone failed to show signiﬁcant perfor-
mance for CLI detection (Table 4). However, PPc/PWV
showed an increased sensitivity, speciﬁcity, and accuracy
for CLI detection compared with AIx, and an increased
speciﬁcity for CLI detection compared with IMT. However,
IMT showed a greater sensitivity for CLI detection.
Although the diagnostic accuracy of PPc/PWV was greater
than IMT, when assessed in the 88 age- and sex-matched
patients with IMT measurements, the diagnostic accuracy
was similar between IMT and PPc/PWV (0.56). Moreover,
compared with the 429 participants from the communitystructure and function between participants with chronic critical
sample.
CLI p Valuea
¼ 194) 5.72  3.65 (n ¼ 136) <.0001
¼ 194) 32.4  11.5 (n ¼ 136) <.05
¼ 194) 49.1  15.4 (n ¼ 136) <.0001
¼ 88) 0.80  0.17 (n ¼ 136) .0001
¼ 70) 4.74  3.07 (n ¼ 41) <.0001
¼ 70) 33.7  9.3 (n ¼ 41) .89
¼ 70) 48.7  14.4 (n ¼ 41) <.05
¼ 33) 0.80  0.13 (n ¼ 41) <.001
¼ 124) 6.27  3.99 (n ¼ 95) <.0001
¼ 124) 32.4  12.5 (n ¼ 95) <.01
¼ 124) 49.5  14.8 (n ¼ 95) <.0001
¼ 55) 0.81  0.19 (n ¼ 95) <.005
¼ 1030) 4.25  2.68 (n ¼ 136) <.0001
¼ 1030) 30.1  11.6 (n ¼ 136) <.001
¼ 1030) 42.8  14.0 (n ¼ 136) <.0001
¼ 429) 0.73  0.16 (n ¼ 136) <.0001
nts), pulse rate, body height, mean arterial pressure, body weight,
mily members.
Figure 2. Unadjusted (upper panels) and multivariate adjusted (lower panels) differences in a central aortic pulse pressure (PPc)/carotide
femoral pulse wave velocity (PWV) mismatch index in age- and sex-matched controls from a randomly selected community sample
(n ¼ 194) and in participants with chronic critical lower limb ischaemia (CLI) (n ¼ 136). Data are shown as mean  SEM for the left panels
and mean and 95% conﬁdence intervals for the right panels. *p < .0.05, **p < .005, ***p < .0001 for CLI versus community sample.
Adjustments are as given in Table 2.
M. Brand et al. 343sample, PPc/PWV and IMT showed identical diagnostic
accuracies for CLI (0.78 vs. 0.78). PPc/PWV showed a
greater positive predictive power than either PPc or AIx
and a greater negative predictive power than IMT.DISCUSSION
The main ﬁndings of the present study are as follows: (a) un-
adjusted andmultivariate adjusted carotidefemoral PWVwas
markedly attenuated in advanced PAD (CLI), (b) this attenua-
tion translated into a dissociation between carotidefemoral
PWVand PPc in that the robust correlations thatwere noted in
the community sample were abolished in participants with
CLI, (c) an index of the PPc/PWV mismatch predicted the
presence of CLI independent of and stronger than alternative
indices of large artery disease, including IMT, AIx, and PPc per
se, and (d) PPc/PWV showed a signiﬁcant performance and a
higher speciﬁcity (97%) and either negative (66%) or positive
(87%) predictive power for CLI detection than other indices of
large artery structure and function.
Although an increased carotidefemoral PWV has been
described as preceding or accompanying cardiovasculardiseases such as stroke and coronary artery disease,2 evidence
for such relationships in PAD are less well documented. The
present study provides data from a large study sample to
support earlier small studies limited by a potential selection
bias11e13 that suggest that PAD, as evidenced by CLI, is asso-
ciated with a reduced PWV.These data are in contrast to some
studies reporting on an increased PWV in patients with
PAD.15,16 Nevertheless, in these studies,15,16 the presence of
PAD was identiﬁed from ankleebrachial indices and the
presence of claudication or clinical evidence of arterial insuf-
ﬁciency was not required for the diagnosis.15 In contrast, the
present studywas conducted in patientswith CLI who are likely
to have had more severe atherosclerosis than those patients
previously studied.15,16 Moreover, in one prior study,15 the
extent of the increase in carotidefemoral PWV (mean
difference ¼ 0.4 m/sec) relative to the absolute mean PWV
(13e14 m/sec) in patients with PAD was clinically negligible,
and in the other study16 brachialeknee and brachialeankle
PWV, as opposed to carotidefemoral PWV were evaluated. In
this regard, the impact of the inclusion of arm and leg together
with aortic large artery measurements16 on PWV assessments
is uncertain.
Table 3. Independent relationships between factors associated with chronic critical lower limb ischaemia (CLI) with central aortic pulse
pressure (PPc)/carotidefemoral pulse wave velocity (PWV) mismatch index, PPc, carotid intimaemedia thickness (IMT), or central
aortic augmentation index (AIx) in the same regression models (n ¼ 136 with CLI vs 194 age- and sex-matched controls with arterial
function parameters and 88 age- and sex-matched controls with IMT).
CLI versus b-coeff.  SEMa p Valueb b-coeff.  SEMa p Valueb b-coeff.  SEMa p Valueb
PPc/PWV .18  .04 <.0001 .15  .04 .0005 .23  .04 <.0001
PPc .14  .05 <.01 e e e e
Carotid IMT e e .19  .05 <.0001 e e
AIx e e e e .08  .05 .13
Age .06  .05 .17 .04  .05 .40 .10  .04 <.05
Regular smoking .20  .05 <.0001 .25  .06 <.0001 .20  .05 <.0001
Regular alcohol .09  .04 .05 .14  .06 <.05 .09  .04 <.05
Diabetes mellitus .10  .04 <.05 .17  .05 <.005 .10  .04 <.05
Pulse rate .52  .04 <.0001 .43  .05 <.0001 .52  .05 <.0001
Mean arterial pressure .20  .04 <.0001 .06  .05 .23 .16  .04 .0001
Body height .17  .06 <.005 .10  .06 .11 .17  .06 <.005
Female gender .12  .05 <.05 .15  .07 <.05 .12  .05 <.05
Body weight .08  .05 .07 .09  .05 .07 .09  .05 <.05
a Standardized b-coefﬁcient. Also included in the regression models was the presence of hypertension which was not signiﬁcantly
associated with CLI.
b Probability values were further adjusted for non-independence of family members.
344 European Journal of Vascular and Endovascular Surgery Volume 46 Issue 3 September/2013Despite decreases in PWV and a lack of relationship be-
tween PWV and PPc in participants with CLI, alternative
indices of aortic stiffness (PPc and AIx) were increased in
participants with CLI; AIx was well correlated with PPc in
these participants. Thus, a decline in PWV in CLI is unlikely to
be attributed to reductions in aortic stiffness. A feasible
explanation for the decreased carotidefemoral PWV in CLI is
that a decrease in distending pressures distal to arterial ste-
noses may result in a shift to a less steep portion of the
exponential vascular pressureevolume relationship, with an
attenuation of stiffness in these segments. In this regard, the
percentage stenosis of the carotid artery is correlatedwith an
increased pulse wave transit time across this arterial bed.14
When considering possible explanations it is also important
to reﬂect on the determinants of PWV as deﬁned by the
MoenseKorteweg equation (PWV ¼ O[E  h/2rr]), where E
represents Young’s modulus of a thin-walled homogeneous
elastic tube, h is wall thickness, 2r the diameter of the lumen,
andr is the constant related to ﬂuid density.2 In this regard, in
advanced atherosclerosis compensatory enlargement (Gla-
gov effect) of large vessels may occur, which could increase ‘r’
and thus potentially decrease PWV. However, one would not
expect compensatory enlargement to exceed the original
diameter and hence this is an unlikely explanation. It is also
possible that blunting of the upstroke of the femoral pressure
waveform could lead to late foot detection, overestimation
of the carotidefemoral transit time and underestimation of
PWV. At this point there is no feature in SphygmoCor soft-
ware that assesses the extent to which blunting of the up-
stroke of the femoral pulse wave occurs. These potential
explanations require further investigation.
The results of the present study are of potential clinical
relevance. A markedly reduced carotidefemoral PWV
despite an increased PPc may be employed to identify the
presence of advanced atherosclerosis. In this regard, we
compared the relationships between a proposed PPc/PWV
mismatch index and CLI against the relationships between anumber of alternative easily and reliably obtained indices of
large artery disease (carotid IMT, AIx, and PPc per se) and
CLI. We noted that the relationship between the PPc/PWV
mismatch index and CLI was independent of alternative
indices of large artery disease, by far exceeded the capacity
of these indices to predict the presence of advanced PAD,
and provided a highly speciﬁc index for the detection of
advanced PAD, more speciﬁc but less sensitive than IMT.
This is particularly important considering the well recog-
nised utility of IMT measurements in predicting lower limb
atheroma.23,24 Whether the proposed PPc/PWV mismatch
index can predict outcomes in patients with PAD or alter-
native cardiovascular diseases would require prospective
evaluation. Given that as many as 55% of patients with CLI
are asymptomatic in the 6-month period prior to surgery,1
and that current simple indices of PAD such as anklee
brachial index although strong independent predictors of
cardiovascular outcomes have not been shown to predict
CLI, the PPc/PWV mismatch index may serve as a much
needed easy and reproducible predictor of CLI.
Caution should be exercised when interpreting the results
of the present study. The present study does not suggest that
upper thresholds for an increased carotidefemoral PWV
cannot be employed for routine risk prediction. A limitation of
the present study is the cross-sectional design which provides
no temporal information regarding the evolution of carotide
femoral PWV changes prior to the clinical manifestation of CLI.
It is likely that carotidefemoral PWV increases well in advance
of the development of PAD and begins to decrease as
atherosclerosis becomes more advanced. As reviewed2 there
is evidence to show that increases in carotidefemoral PWV
predict outcomes beyond conventional risk factors. The pre-
sent results do nevertheless urge for a cautious approach
whenusing PWVvalues for routine risk prediction in that lowe
normal PWV values in the context of a highenormal PPc in
high-risk patients could indicate the presence of advanced
large artery disease which requires further investigation.
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M. Brand et al. 345A second limitation of the present study is that we did
not assess carotid plaque scores in the community-based
healthy participants as these were almost never observed.
In this regard, carotid plaque score may be a more sensitive
indicator of the extent of atheroma formation than IMT
measurements. Whether the PPc/PWV mismatch index
outperforms carotid plaque scores requires further evalua-
tion. A third limitation of the present study is that only one
ethnic group was studied.
A fourth limitation of the present study is that we did not
evaluate indices of large artery function in patients of black
African ancestry with asymptomatic PAD or symptomatic
(intermittent claudication) PAD, but without CLI. This may
have provided more insights into changes in large artery
function and the PPc/PWV index in the transition from early
to advanced PAD. Further studies are required in this regard.
In conclusion, the present study shows that, in patients
with CLI, (a) despite increases in alternative indices of aortic
stiffness (PPc and AIx) and an index of atherosclerosis (IMT),
carotidefemoral PWV is markedly attenuated; (b) that direct
correlations between carotidefemoral PWV and PPc are
abolished and hence that a mismatch between PPc and PWV
occurs; (c) that a PPc/PWVmismatch index is associated with
CLI independent of IMT, AIx or PPc per se and that this
mismatch index is a strong independent predictor of CLI, and
(d) that the PPc/PWVmismatch index is highly speciﬁc for the
detection of patients with advanced PAD. We therefore
propose a novel risk index (PPc/PWVmismatch index) in PAD
that requires prospective evaluation.ACKNOWLEDGEMENTS
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